The optimization of the one-step diphosphorylation reaction is reported. The synthesis of new α-aminobisphosphonates with four and six-membered rings and acyclic species with several substituents on the nitrogen and on the carbon atom bearing the two phosphorus atoms is described.
INTRODUCTION
The gem-bisphosphonates show a structural analogy with pyrophosphoric acid. 1 They are known for their various uses: dental (tooth pastes and mouthwashes) [2] [3] [4] and medical applications (against rheumatoid arthritis, 5, 6 for the inhibition of bone resorptive processes such osteoporosis and Paget's disease, 2, [7] [8] [9] skeletal scintigraphy when combined with 99 Tc, In the present paper, we will describe our optimization studies for the latter reaction parameters, new kinds of synthesis and also our failures. Because any change of the bisphosphonate properties is of interest for their use as a drug, we will also report our attempts toward modifying the tetraethyl(pyrrolidine-2,2-diyl)bisphosphonate.
RESULTS AND DISCUSSION
Optimization: all the optimizations were performed on the 2-pyrrolidinone.
Temperature: as elsewhere mentioned, 36 when the temperature raises above 40 °C, the yield drops to about 5% due to the presence of gaseous HCl; it is well known that hydrochloric acid can hydrolyze phosphonate (SCHEME 3). 8, 16, 37 Similarly, when the initial temperature is too low for the reaction to occur or when the amide is frozen, the consequent removal of the cold source induces an exothermic reaction and possibly brings it to boil. In these circumstances, the yield is somewhat low and the presence of polymers can be encountered as it was the case with N-benzylacetamide. For the 2-pyrrolidinone, an optimum yield of 58 % is obtained at -7.5 °C and the adverse effect starts at -10 °C. It should be noted that a water bath at room temperature has to be used after the removal of the cold source in order to calm down the reaction.
INSERT SCHEME 3 Equivalent of POCl 3 : according to Qian, 23 only one equivalent of POCl 3 has to be used but more satisfactory results can be obtained by incorporating two equivalents. 28 Attempts close to what is obtained with two equivalents but the purity is lower as emphasized by the 1 H, 13 C and 31 P spectra. Furthermore in these cases, we observed a change of colour and, after a few weeks, the presence of a small quantity of crystals.
Timing at room temperature: during our preliminary attempts, the crude mixture was hydrolyzed on ice and NH 4 OH just after the addition of POCl 3 . The corresponding product was pure and obtained with a good yield (58 %). It is actually advisable to wait for an hour at room temperature in order to allow the less reactive amide to react.
Continuation: all the products were purified by normal work-up for an amine (an acido-basic extraction) unless stated in the text.
Ring size: most of our efforts were focused on the five-membered rings. However we also investigated the synthesis from both 2-azitidinone and 2-piperidone (or δ-valerolactam). It has to be noticed that the synthesis of 3 by our procedure is less efficient than the one propounded by Yokomatsu (19 % yield versus 43 %). 15 Linear compounds: the results for the acyclic series are displayed on Table II ; the yields have to be compared with those asserted in the literature.
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corresponding return is almost divided by a factor of two, being reduced from 68 % to 30 %.
This behavior has been previously described for the cyclic series by comparing the tetraethyl(pyrrolidine-2,2-diyl)bisphosphonate 2 and the tetraethyl(N-methyl-pyrrolidine-2,2-diyl)bisphosphonate for which the yield drops from 47 % to 17 %. 35 Qian has obtained a better yield of 66 % for compound 5. As emphasized by entries 6 and 12, a methyl group addition on the carbon atom bearing two phosphori significantly increases the yield, at least up to 80 %. If a phenyl group takes the place of the latter methyl, the corresponding yield is reduced to 15 % (compound 7). In order to consolidate these observations, the N-benzyl series were synthesized (compounds 11, 12, 13 and 14). The best results were obtained with a methyl group, followed by a hydrogen atom and finally by an ethyl group. The synthesis of the trifluoromethyl compound failed, as mentioned in the lack section.
Considering the influence of the N-substitution, it appears that, in all the occurrences, the best yield is obtained with a benzyl group and to a lesser extent with a methyl group (compounds 4 and 11, 6 and 12). Unfortunately, the syntheses involving phenyl groups are hampered by inherent difficulties. The reactions occur but, in many cases, are incomplete: for compound 8 some of the triethylphosphite reactant remains and, for compound 9, some of the amide. Furthermore, these compounds cannot be satisfactorily purified due to the large number of spots found on the TLC.
As a general rule, it appears that the yields obtained by our procedure are higher than those reported in the literature with some exceptions regarding inefficient reactions as for tertiary amide and for N-phenyl compounds.
A NMR study of these linear bisphosphonates shows a dependable behaviour. INSERT SCHEME 4 By applying our procedure to 2-pyrrolidinone in the presence of one equivalent of P(OEt) 3 and one equivalent of P(OiPr) 3 , a mixture of three products 2, 15 and 16 is obtained (SCHEME 5). Unexpectedly, 25 %-25 %-50 % proportions have been measured by 31 P NMR and HPLC analysis instead of the expected 33 %-33 %-33 % ratios. Considering that the distillation treatment failed, a pure sample of compound 16 was only achieved by a preparative HPLC.
INSERT SCHEME 5 In a previous publication, 28 the study of the 13 C NMR spectrum of the methyl on the phosphono group led to the conclusion that the 2 J pp coupling constant had to be larger than 15
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resolved to 58 Hz. It has to be noticed that all NMR spectra obtained from these compounds are the sum of the data corresponding to 2 and 15 with the exception of the 31 P spectra.
Lacks: All the cases of deficiencies that we encountered fall into three categories that are summarized on Table III : the reactants failed to react, the reaction went wrong, the products were unstable or could not be purified.
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Surprisingly, primary amides as in 17 and 18 are not keen to react and only the corresponding hydrolysis product of the triethylphosphite has been found. Compound 19 only duplicates a lack that has been already described for succinimide 35 and confirms that tetraphosphonates cannot be obtained in this way. The failure of compound 10 probably comes from steric hindrance. Nevertheless the latter can be attained by the Kreutzkamp synthesis. 31 It is likely that the high electronegativity of the fluorine prevents the Nbenzyltrifluoroactamide from reacting (compound 13).
Fortunately, compound 20 is the only case where the reaction goes wrong. However a 31 P NMR study on its products allows to rule out a potential polymerization.
All the compounds reported in the third column of Table III have been identified by their respective NMR spectra.
α-amino methoxyphosphonates are known to undergo aminolysis reactions (SCHEME 6). 41, 42 This probably happens while synthesizing compound 21 which appears to be awkward to purify due to its instability. However, its NMR spectrum has been quickly acquired after several preparative TLC. The presence of an ester group apparently hinders a proper build-up of compound 22. Its formation can be assumed by the appearance of two peaks in the 31 P NMR spectrum and of a characteristic quaternary carbon triplet at 62.3 ppm with a coupling constant of 129 Hz in the 13 C NMR spectrum. Unfortunately, these spectra also reveal several by-products as validated by a TLC (11 spots). As earlier discussed, compounds 8 and 9 could not be purified; their TLC carry 16 and 12 spots respectively.
INSERT SCHEME 6 Assay of modification of the tetraethyl(pyrrolidine-2,2-diyl)bisphosphonate: two different sites of the α-aminophosphonates can potentially be modified: the phosphorus atoms and the hal-00660754, version 1 -17 Jan 2012
nitrogen atom. However, most of our attempts led to failures. In order to enhance the biodisponibility of the phosphonates, these alterations are usually required. It seems that the most problematic task is to enhance their lipophilicity by lowering the polarity while maintaining their complexing behaviour. 26 Modifications on the phosphorus atoms: our first efforts were devoted to synthesize compound 23 (SCHEME 7) by applying the second procedure described by Vepsäläinen. 43 Therefore compound 2 from Table I has been heated at 110 °C with ten equivalents of piperidine for twenty minutes. The resulting mixture still contains some of the starting reactants but its 31 P NMR study reveals the presence of two coupled phosphorus atoms at 29 ppm and 18 ppm shifts with a 43 Hz coupling constant which is incompatible with the structure of equivalent phosphori.
INSERT SCHEME 7 The aim of our second attempt was to synthesize compound 24. Nothing arose from adding twenty equivalents of pyridine to molecule 2 and warming the mixture to 120 °C for fifteen minutes. If it is left to stand for one night, a complete degradation of compound 2 occurs.
Our conclusion is the same as Herlinger's 26 introduction: the preparation of a partial ester is difficult due to the poor selectivity of the involved reactions.
Modifications on the nitrogen atom: at first, the synthesis of the quaternary ammonium molecule 25 has been attempted (SCHEME 8 INSERT SCHEME 8 INSERT SCHEME 9
Our second attempt was to build compound 26 and, from it, a tetraphosphorus molecule, whose direct synthesis appears not feasible. The reaction yields an inseparable mixture of three components (the expected end product, the related ammonium form and the starting acylchloride). Unfortunately, it degrades after a few days.
The synthesis of compound 27 is our only successful alteration on the nitrogen. valuable insight into the reaction process. These are still under investigation in our laboratory.
Apart from the tertiary amides and from the N-phenyl compounds, it appears that the yields obtained by our procedure for linear compounds are higher than those reported in the literature. Furthermore we hope that the description of our failures provides some interesting information. The aqueous layer was extracted with methylene chloride (3 x 100 ml) and then the latter was removed to obtain an oil. The oil was dissolved in 100 ml of methylene chloride. An aqueous solution of hydrochloric acid (10 ml of 32 % HCl solution, 190 ml of water) was added (check hal-00660754, version 1 -17 Jan 2012
Experimental section
that pH 1) and the aqueous layer was washed with methylene chloride (3 x 100 ml). A solution of sodium hydroxide (200 g.l -1 ) was added up to pH 10 and the aqueous layer was extracted with methylene chloride (4 x 100 ml). The organic layer was dried over sodium sulfate, filtered and the removal of the solvent afforded the desired bisphosphonates.
Tetraethyl(azetidine-2,2-diyl)bisphosphonate 1 (slightly yellow liquid, 10.14 g, 28 %). In a 10 ml flask, tetraethyl(pyrrolidine-2,2-diyl)bisphosphonate 2 (1.00 g, 2.9 mmol) and an hydrochloric acid solution (10 ml HCl 32 % and 90 ml H 2 O) was kept at room temperature for 3 days and then the water was removed under reduced pressure to give 1.08 g (yield = 98 %) of dark yellow oil. SCHEME 9: Hoffmann elimination. 
SCHEME 9
